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ABSTRACT: Understanding how adsorbates influence polaron behavior is of fundamental
importance in describing the catalytic properties of TiO2. Carboxylic acids adsorb readily at TiO2
surfaces, yet their influence on polaronic states is unknown. Using UV photoemission spectroscopy
(UPS), two-photon photoemission spectroscopy (2PPE), and density functional theory (DFT) we
show that dissociative adsorption of formic and acetic acids has profound, yet different, effects on the
surface density, crystal field, and photoexcitation of polarons in rutile TiO2(110). We also show that
these variations are governed by the contrasting electrostatic properties of the acids, which impacts
the extent of polaron−adsorbate coupling. The density of polarons in the surface region increases
more in formate-terminated TiO2(110) relative to acetate. Consequently, increased coupling gives
rise to new photoexcitation channels via states 3.83 eV above the Fermi level. The onset of this
process is 3.45 eV, likely adding to the catalytic photoyield.
TiO2 is a versatile, low-cost material for a wide range oflight-driven applications such as photovoltaics,1 water
splitting,2 and organic photodegradation.3−8 It is well known
that defects and their associated polarons have a large influence
on the activity of these functions, behaving as charge transfer
sites and electron traps.9−11
Carboxylic acids are ubiquitous at photocatalytic titania
surfaces due to their high affinity for bonding to surface Ti
atoms.12 Formic (HCOOH) and acetic (CH3COOH) acid
represent the simplest carboxylic acid analogues. Their
adsorption on TiO2 results in the formation of atomic-scale
ordered overlayers at the ultrahigh vacuum (UHV), liquid and
atmospheric interface, which can be observed by scanning
tunneling microscopy.12−16 At the rutile TiO2(110) surface
specifically, the dominant adsorption configuration of these
acids consists of bidentate-bound carboxylates (RCOO−) at
five-coordinate titanium atoms (Ti5c) along the [001]
direction.17 This is accompanied by the protonation of
bridging O (OHb) and the formation of a (2 × 1) majority
phase adsorption structure (see Figure 1(a)). A minority
carboxylate component is also present, which is a monodentate
species oriented perpendicular to [001] and accounts for up to
1/3 of the interface.14,18−20 Formic and acetic acid adsorption
saturates at ∼0.5 ML in UHV at 298 K, where a monolayer
corresponds to the number of surface unit cells. The two
terminations are denoted FA- and AA-R110, respectively.
Defects in rutile TiO2, namely surface oxygen vacancies
(Ovac) and bulk interstitial titanium atoms (Tiint), give rise to
excess electrons in localized polaronic states.21 The energy
levels of the electron polarons represent what are commonly
referred to as the band gap states (BGS) of reduced TiO2,
which are detectable at ∼1.0 eV binding energy (BE) in UV
photoelectron spectroscopy (UPS).22,23 Formally, the BGS are
Ti 3dxy in character. This results from the Jahn−Teller splitting
of Ti3d atomic states in the pseudo-octahedral crystal field of
rutile, which gives rise to orbitals of t2g- and eg-like
symmetry.10,24,25 Polarons at surface Ovac readily react with
water to form OHb,
9 resulting in a small increase in the UPS
BGS signal without altering the BE.26 This indicates that OHb
triggers deeper lying polarons to redistribute toward the
surface, a mechanism that is also supported by density
functional theory (DFT) calculations.26,27
Although electron polaronic states have been studied
extensively, it is only recently that pump−probe studies have
allowed access to their excited states. One technique employed
is two-photon photoemission spectroscopy (2PPE).28−30 At
reduced and hydroxylated TiO2(110) surfaces, 2PPE spectra
are dominated by a t2g → t2g excitation feature where the
excited state lies ∼2.6−2.8 eV above EF.28,30−32 The oscillator
strength of this excitation is strongly dependent on the
orientation of the electric field vector. This increases when the
scattering plane is perpendicular to the [001] crystal azimuth,
(p-[001]).28−30,32 In contrast, a weaker feature is observed
when the scattering plane is parallel to the [001] azimuth, (s-
[001]).29,30 Furthermore, it has been shown that water and
methanol adsorption influences this channel, altering the
orbital character and resulting in an enhancement of the t2g →
t2g excitation oscillator strength.
27,33−35 Despite these recent
advances, the impact of carboxylates on electron polaronic
Received: March 2, 2021
Accepted: March 31, 2021
Letterpubs.acs.org/JPCL
© XXXX American Chemical Society
3571
https://doi.org/10.1021/acs.jpclett.1c00678



















































































states remains unknown. This understanding is potentially
valuable for several technologies since carboxylates serve as the
most important anchoring group for the functionalization of
TiO2 surfaces. In this Letter, we describe a UPS, 2PPE, and
DFT study that investigates the modification of electron
polarons by carboxylates and their subsequent photoexcitation.
Features in 2PPE spectra are most commonly produced as a
result of coherent (simultaneous two-photon excitation of an
occupied state) or incoherent (two sequential one-photon
excitations via an intermediate state) processes.36 At resonant
photon energy conditions, optimal coherence between an
initial and intermediate state energy results in an increase in
the 2PPE intensity.36 In reduced and hydroxylated TiO2(110)
(see SI for preparation methods), the resonant photon energy
for the t2g → t2g excitation is known to be ∼3.54 eV (350
nm).28 In Figure 1(b), this resonance was monitored (p-[001],
3.54 eV, 350 nm) as a reduced rutile TiO2(110) sample (R-
R110) partially hydroxylated in UHV (Hp-R110, ∼0.05 ML)
and was sequentially exposed to gas-phase acid. This was
performed in situ until the saturation level (∼0.5 ML) was
reached. The increase of the 2PPE resonance via hydroxylation
of Ovac has been discussed in prior work.
27,28,30,31 Upon
creation of FA- and AA-R110, we find that the dominant
incoherent process is approximately 3× and 2× larger,
respectively (taken by peak area). An example of spectral
evolution throughout this experiment is also shown in the
Supporting Information (SI) Figure S1. In a similar framework,
the BGS is monitored via UPS (He−I, 21.2 eV) and increases
by a factor of ∼1.4 following formate adsorption. Following
acetate adsorption the BGS area is ∼0.9 times the size,
consistent with previous measurements.37−39 This is repre-
sented in Figure 1(c). In Figures 1(b) and (c) the peaks are
isolated by removing backgrounds and are fit with Gaussian
distributions (see SI, Figure S2). The difference in trend
between the UPS and 2PPE data for AA-R110 is likely due to
the escape depth of the two techniques (∼1 and 5 nm, for UPS
and 2PPE, respectively).40
To further understand these observations we carried out
DFT calculations (see SI for methods) using the HSE06
hybrid functional,41 which describes polaronic states in TiO2
with good accuracy.30,32 Tiint defects were used as the source of
excess electrons, and the location of Tiint was varied from the
immediate subsurface (L1) to two (L2) and three (L3) layers
below the surface in a (4 × 2) 6-trilayers slab. Previous DFT
work showed that the most stable Tiint location changes upon
water and methanol adsorption.27 Here, we determine the
relative energies of Tiint at clean (C) TiO2(110) and at the
surface covered by a (2 × 1) formate or acetate monolayer.
The relative stabilities of different Tiint locations change
significantly in the presence of a carboxylate monolayer. At the
adsorbate-free surface, the most stable Tiint site is L2, which is
0.46 (0.11) eV more stable than L1 (L3). In contrast, at the
formate-covered surface Tiint at L2 is only 0.08 eV more stable
than at L1 (and 0.18 eV more stable than at L3). In the
presence of an acetate monolayer, L2 and L3 are 0.09 and 0.10
eV more stable, respectively, than L1. The energetics of surface
Tiint following carboxylate adsorption is summarized in Figure
1(d), which shows the energy (ΔE) difference between surface
(L1) and bulk (L3) Tiint locations (see full details in SI, Table
S1). Together, the UPS, 2PPE, and DFT results indicate that
formate adsorption leads to the redistribution of polarons
toward the surface of TiO2(110) through the mechanism of
Tiint migration. The data also show that this effect is less
pronounced in the acetate termination.
On FA-R110, polaron photoexcitation was further studied
by rotating the electric field vector by 90° relative to the crystal
azimuth (s-[001]). Figure 2(a) follows the 2PPE spectrum
(3.54 eV, 350 nm) as formic acid is dosed directly onto R-
R110, allowing contributions from initially reactive Ovac (∼0.1
ML) sites to be separated.19 At ∼0.1 ML coverage the
spectrum largely resembles that of R-R110, evidencing a slight
increase in the t2g → t2g feature, labeled feature 1. Following
saturation of the Ti5c rows (∼0.5 ML), an additional feature,
labeled feature 2, becomes clear. The apparent shift of feature 1
at this coverage is due to its convolution with feature 2. The
inset shows the difference spectrum between the ∼0.5 ML
coverage and ∼0.1 ML coverage, where the appearance of
feature 2 is clear. The dependence of feature 2 on the ∼0.5 ML
coverage of formate was additionally confirmed by inducing
formate decomposition reactions (see SI, Figure S3).
The photon energy dependence of feature 2 was also
examined and is shown in Figure 2(b). Feature 2 occurs close
to the EF + 2hν maxima of the 2PPE spectra and has an onset
hν of ∼3.45 eV (360 nm). 2PPE spectra with hν > 3.54 eV
(350 nm) show that feature 2 becomes more prominent in the
spectra as feature 1 is less resonant. It is also observed that
feature 2 is visible at much higher photon energies compared
to feature 1. Figure 2(c) shows the plot of final-state energy (E
Figure 1. (a) Rutile TiO2(110) model showing the majority phase (2
× 1) formate and OHb overlayer resulting from dissociative
chemisorption of formic acid. An interstitial titanium atom (Tiint) is
shown at position L1. Blue, red, brown, and white spheres represent
Ti, O, C, and H, respectively. (b) Comparison of the dominant t2g →
t2g transition in the 2PPE spectra of the Hp-R110, FA-R110, and AA-
R110 terminations at a photon energy of 3.54 eV (p-[001], 350 nm).
Incoherent (i) features are produced according to the equation E − EF
= hνprobe + Eintermediate. Spectra were produced continuously at constant
laser power with in situ gas-phase dosing. Peaks are isolated via the
method described in SI Section S2. (c) Comparison of the BGS
region in the UPS (He−I, 21.2 eV) spectra on the Hp-R110, FA-
R110, and AA-R110 surfaces. Peaks are isolated via the method
described in SI Section S2. (d) Bar chart showing the difference in
energy (ΔE) between a surface (L1) and bulk (L3) Tiint in the clean,
formate, and acetate termination of rutile TiO2(110), calculated with
HSE06 DFT. A positive ΔE means that L1 is energetically less stable
than L3. See details in Table S1.
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− EF) versus photon energy (eV). It is well understood that in
these plots incoherent and coherent processes produce
gradients of 1 and 2, respectively.36 Both features are produced
via an incoherent process where the excited state lies ∼2.7 and
3.8 eV above EF for features 1 and 2, respectively (given by the
y-intercepts). In both plots, photon energies are chosen so as
to minimize overlap of the features.
DFT is again used to obtain insight into the origin of the
observations. Figure 2(d) shows the partial density of states
(PDOS) of excess electrons from Tiint at L1 of a TiO2(110)
surface with a (2 × 1) formate overlayer. The distribution has
been separated into individual d-orbital contributions. The
excited state energies of features 1 and 2 are represented clearly
by significant density of states in the Ti3+ conduction band
having dxy and dz
2 orbital character, respectively. Figure 2(e)
shows the results of associated oscillator strength calculations
for BGS to conduction band excitation. Peaks corresponding to
both features are observed. The transition dipole moment for
feature 1 lies in both the [001] and [11̅0] direction in this
environment. In contrast, a transition dipole moment for
feature 2 is present only in the [001] direction, explaining the
observed polarization dependence. Features 1 and 2 therefore
represent an excitation from occupied states t2g-like in
character to unoccupied states of t2g- and eg-like character,
respectively. A schematic of this excitation scheme is shown in
Figure 2(f). Extended PDOS and oscillator strength calcu-
lations (Tiint L1−L3) showing the effects of carboxylates on
polaron orbital energies are given in the Figure S4.
Adsorption of the carboxylates leads to a pronounced
reduction in the workfunction (5.1, 4.4, and 4.2 eV for R-, FA-,
and AA-R110, respectively), which has implications for the
2PPE spectra. Specifically, this results in an enlarged 2PPE
spectral window and an increased scope to study lower energy
photoexcitation processes. However, at higher photon energies
lower energy 2PPE features are often imperceptible due to
dominating coherent valence band contributions, as well as
single-photon photoemission from states near EF. Figure 3(a)
shows the 2PPE spectra of AA-R110 (p-[001], 3.75−3.35 eV,
330−370 nm). As expected in this orientation, a strong peak
associated with feature 1 is present. At ∼5.2 eV above EF a
broad feature is present that is unaffected by the shifting
photon energy. This feature is also present in the 2PPE spectra
(p-[001]) of FA-R110 (see Figure S5). We assign this
distribution to Auger electrons, ejected from the BGS via the
multiphoton excitation and recombination of valence band
electrons. This feature also acts as a normalization point. The
Auger feature is discussed in further detail inFigure S6.
Figure 3(b) compares the wavelength-dependent intensity of
feature 1 in FA- and AA-R110 (p-[001]). This comparison was
made by normalizing to the Auger feature, which is present in
both terminations. FA-R110 has an increased intensity of
feature 1 relative to AA-R110 in all wavelengths tested.
Furthermore, in both terminations 2PPE with hν = 3.54 eV
(350 nm) produces the most intense peak, as for the
adsorbate-free surface. This demonstrates that there is no
distinct adsorbate-induced splitting of the occupied and
unoccupied t2g orbitals undergoing excitation.
There are a number of potential reasons for the differences
in spectral intensity for the two adsorbates, with Tiint migration
and photoelectron attenuation important factors. However,
DFT results suggest an additional important element. Due to
the electron-donating effects of the methyl substituent, acetate
Figure 2. (a) 2PPE spectra (hν = 3.54 eV, 350 nm, s-[001]) of a reduced rutile TiO2(110) sample (R-R110) taken continuously as formic acid is
dosed in situ. The subscript number in the legend signifies the approximate ML coverage of the formate. Numbers in dashed boxes represent the
position and label of the respective features. Feature 1 denotes the previously identified t2g → t2g transition. The inset shows the spectrum with 0.5
ML coverage minus that at 0.1 ML coverage. (b) 2PPE spectra of selected regions containing features 1 and 2, with photon energies (hν = 3.44−
3.87 eV, 360−320 nm), s-[001]). Spectra are normalized to fit the figure window for clarity. (c) Plot of the photon energy dependence of the two
fitted peaks in FA0.5-R110 (see Section S2 in the SI for the fitting procedure) given by the equation for the incoherent process, E − EF = hνprobe +
Eintermediate. (d) Computed PDOS of Ti
3+ states on FA-R110, with Tiint located at L1. Peaks in the conduction band are labeled to correspond to
features 1 and 2. (e) Computed oscillator strengths for transitions from BGS to the conduction band in the same system considered in (d). Red
[001], green [110], and blue [110] represent directions of transition dipole moments. Peaks in the oscillator strengths are labeled that coincide
with features 1 and 2. (f) Scheme showing the transitions of features 1 and 2. Feature 2 represents a t2g → eg excitation. A red arrow represents
transitions observed in R-, FA-, and AA-R110. A yellow arrow represents transitions observed in FA-R110 only.
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repels excess electrons from the adsorbate. This is in contrast
to formate, which attracts them. This is evidenced in Figure
3(c), where the spin density contour of four distinctly located
excess electrons in C-, FA-, and AA-R110 are shown. Further
modifications by the adsorbates can also be seen in this model.
Specifically, in C-R110 the occupied states contain only
orbitals of t2g-like character. However, following adsorption of
FA and AA, new orbital characters arise. Focusing on the
excess electron localized at Tiint in FA- and AA-R110, a dz2-like
orbital character can be identified. This change can be
understood as an adsorbate-induced local crystal field.
Specifically, the original octahedral crystal field is tilted into
a trigonal prismatic field. In this new field, dz2 orbitals are lower
in energy than the other 3d orbitals and subsequently appear in
the spin density contour (Figure 3(c)) and PDOS (Figure
2(d)) (see also Figure S4). The density of those electrons in a
trigonal prismatic field is governed by the electronegativity of
the acid. In FA-R110, electrons are attracted away from Tiint,
resulting in a higher proportion of surface localized t2g-like
states compared to AA-R110. These surface states can undergo
additional couplings between t2g and dz2, which result in the
appearance of feature 2 in the 2PPE spectra of FA-R110 and its
absence in AA-R110. This comparison is shown in Figure 3(d)
(s-[001], 3.54 eV, 350 nm, see Figure S7 for further AA-R110
spectra). The absence of feature 2 in the 2PPE spectra of AA-
R110 is also corroborated by the results of oscillator strength
calculations in Figure 3 (e), where no clear peaks at the
position of feature 2 are observed (compare Figures 2(e) and
3(e)). Furthermore, we assign feature 2 to states localized at
the surface based on oscillator strength calculations, which
show that feature 2 is present only in the formate termination
with Tiint located at L1 and L2 (see Figure S4).
In summary, we have established that the facile formation of
formate and acetate overlayers has dramatic, yet differing,
implications for the behavior of polaronic states in rutile
TiO2(110). Carboxylate adsorption leads to polaron redis-
tribution toward the surface, driven by the migration of Tiint.
This occurs more prominently in FA-R110, compared to AA-
R110. Adsorbates subsequently couple with polaronic states to
form unique crystal fields which alters the orbital character.
The extent of this coupling is determined by the electrostatic
properties of the carboxylate. For example, at the formate
termination, polarons are attracted toward the adsorbate,
increasing the oscillator strength of higher energy transitions.
Specifically, polarons undergo photoexcitation via an inter-
mediate state ∼3.83 eV above EF, characterized as a t2g → eg
transition. It is also observed that the 2PPE spectra of both
carboxylate-terminated TiO2(110) contain significant contri-
butions from an Auger feature. Understanding how polarons
interact with adsorbates is crucial if we are to describe the role
of defects in TiO2 catalysis. This work provides an under-
standing of how carboxylates may enhance the activity of
polarons by increasing their density at the surface, protecting




The Supporting Information is available free of charge at
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Experimental details, computational details, and Figures
S1−S8, showing further DFT calculations and PES
spectra with extended discussion (PDF)
■ AUTHOR INFORMATION
Corresponding Author
Geoff Thornton − Department of Chemistry, University
College London, London WC1H 0AJ, United Kingdom;
London Centre for Nanotechnology, University College




Alex J. Tanner − Department of Chemistry, University College
London, London WC1H 0AJ, United Kingdom; London
Centre for Nanotechnology, University College London,
London WC1H 0AH, United Kingdom
Figure 3. (a) 2PPE spectra (hν = 3.35−3.75 eV, 370−330 nm, p-
[001]) measured from AA-R110. Three features corresponding to
feature 1, Auger electrons, and valence band coherent 2PPE (c2PPE)
from TiO2 are labeled. Spectra are normalized to the Auger feature
peak intensity. (b) Peak intensity of feature 1 between (hν = 3.35−
3.75 eV, 370−330 nm, p-[001]), normalized to the Auger feature, for
both FA-R110 and AA-R110. (c) Spin density contour of BGS for
Tiint at the L1 site in the C-R110, FA-R110, and AA-R110
terminations. Arrows showing electron transfer to represent the
relative attractive and repulsive properties of acid adsorbates relative
to the clean surface. The red, light blue, brown, and pink spheres
represent Ti, O, C, and H atoms, respectively. (d) Comparison of FA-
R110 and AA-R110 2PPE (3.54 eV photons, 350 nm, s-[001]). The
inset shows the difference spectrum between the two terminations.
(e) Calculated oscillator strengths from BGS to the conduction band
with L1 Tiint in the acetate-terminated system. Red [001], green
[110], and blue [110] represent directions of the transition dipole
moments.
The Journal of Physical Chemistry Letters pubs.acs.org/JPCL Letter
https://doi.org/10.1021/acs.jpclett.1c00678
J. Phys. Chem. Lett. 2021, 12, 3571−3576
3574
Bo Wen − Department of Chemistry, Princeton University,
Princeton, New Jersey 08540, United States; orcid.org/
0000-0001-7252-918X
Jorge Ontaneda − Department of Chemistry, University of
Reading, Whiteknights, Reading RG6 6AX, United
Kingdom; orcid.org/0000-0003-1538-365X
Yu Zhang − Department of Chemistry, University College
London, London WC1H 0AJ, United Kingdom; London
Centre for Nanotechnology, University College London,
London WC1H 0AH, United Kingdom; orcid.org/0000-
0001-6184-4870
Ricardo Grau-Crespo − Department of Chemistry, University
of Reading, Whiteknights, Reading RG6 6AX, United
Kingdom; orcid.org/0000-0001-8845-1719
Helen H. Fielding − Department of Chemistry, University
College London, London WC1H 0AJ, United Kingdom;
orcid.org/0000-0003-1572-0070
Annabella Selloni − Department of Chemistry, Princeton
University, Princeton, New Jersey 08540, United States;
orcid.org/0000-0001-5896-3158
Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.jpclett.1c00678
Notes
The authors declare no competing financial interest.
■ ACKNOWLEDGMENTS
We thank River Riley, Omri Tau and Robin Kerr for their
assistance in maintaining stable laser and UHV conditions.
This work was supported by the European Research Council
Advanced Grant ENERGYSURF (G.T.), EPSRC (U.K.) (EP/
D068673/1), EU COST Action CM1104, and the Royal
Society (U.K.) through a Wolfson Research Merit Award to
G.T. The research is supported by the TIGRESS high-
performance computer center at Princeton University. B.W.
and A.S. acknowledge the support of DoE-BES, Division of
Chemical Sciences, Geosciences and Biosciences, under award
DESC0007347.
■ REFERENCES
(1) O’Regan, B.; Grätzel, M. A Low-Cost, High-Efficiency Solar Cell
Based on Dye-Sensitized Colloidal TiO2 Films. Nature 1991, 353
(6346), 737−740.
(2) Fujishima, A.; Honda, K. Electrochemical Photolysis of Water at
a Semiconductor Electrode. Nature 1972, 238 (5358), 37−38.
(3) Onishi, H.; Aruga, T.; Iwasawa, Y. Catalytic Reactions on a
Metal Oxide Single Crystal: Switchover of the Reaction Paths in
Formic Acid Decomposition on Titanium Dioxide TiO2(110). J. Am.
Chem. Soc. 1993, 115 (22), 10460−10461.
(4) Linsebigler, A. L.; Lu, G.; Yates, J. T. Photocatalysis on TiO2
Surfaces: Principles, Mechanisms, and Selected Results. Chem. Rev.
1995, 95 (3), 735−758.
(5) Henderson, M. A. Complexity in the Decomposition of Formic
Acid on the TiO2(110) Surface. J. Phys. Chem. B 1997, 101 (2), 221−
229.
(6) Xu, M.; Gao, Y.; Moreno, E. M.; Kunst, M.; Muhler, M.; Wang,
Y.; Idriss, H.; Wöll, C. Photocatalytic Activity of Bulk TiO2 Anatase
and Rutile Single Crystals Using Infrared Absorption Spectroscopy.
Phys. Rev. Lett. 2011, 106 (13), 138302.
(7) Henderson, M. A.; White, M. J.; Uetsuka, H.; Onishi, H.
Photochemical Charge Transfer and Trapping at the Interface
Between an Organic Adlayer and an Oxide Semiconductor. J. Am.
Chem. Soc. 2003, 125 (49), 14974−14975.
(8) Sandell, A.; Ragazzon, D.; Schaefer, A.; Farstad, M. H.; Borg, A.
Photochemistry of Carboxylate on TiO2(110) Studied with
Synchrotron Radiation Photoelectron Spectroscopy. Langmuir 2016,
32 (44), 11456−11464.
(9) Bikondoa, O.; Pang, C. L.; Ithnin, R.; Muryn, C. A.; Onishi, H.;
Thornton, G. Direct Visualization of Defect-Mediated Dissociation of
Water on TiO2(110). Nat. Mater. 2006, 5 (3), 189−192.
(10) Papageorgiou, A. C.; Beglitis, N. S.; Pang, C. L.; Teobaldi, G.;
Cabailh, G.; Chen, Q.; Fisher, A. J.; Hofer, W. A.; Thornton, G.
Electron Traps and Their Effect on the Surface Chemistry of
TiO2(110). Proc. Natl. Acad. Sci. U. S. A. 2010, 107 (6), 2391−2396.
(11) Leijtens, T.; Eperon, G. E.; Pathak, S.; Abate, A.; Lee, M. M.;
Snaith, H. J. Overcoming Ultraviolet Light Instability of Sensitized
TiO2 with Meso-Superstructured Organometal Tri-Halide Perovskite
Solar Cells. Nat. Commun. 2013, 4 (1), 2885.
(12) Balajka, J.; Hines, M. A.; DeBenedetti, W. J. I.; Komora, M.;
Pavelec, J.; Schmid, M.; Diebold, U. High-Affinity Adsorption Leads
to Molecularly Ordered Interfaces on TiO2 in Air and Solution.
Science 2018, 361 (6404), 786−789.
(13) Grinter, D. C.; Nicotra, M.; Thornton, G. Acetic Acid
Adsorption on Anatase TiO2(101). J. Phys. Chem. C 2012, 116 (21),
11643−11651.
(14) Grinter, D. C.; Woolcot, T.; Pang, C. L.; Thornton, G. Ordered
Carboxylates on TiO2(110) Formed at Aqueous Interfaces. J. Phys.
Chem. Lett. 2014, 5 (24), 4265−4269.
(15) Diebold, U. The Surface Science of Titanium Dioxide. Surf. Sci.
Rep. 2003, 48 (5−8), 53−229.
(16) Wang, Y.; Wen, B.; Dahal, A.; Kimmel, G. A.; Rousseau, R.;
Selloni, A.; Petrik, N. G.; Dohnálek, Z. Binding of Formic Acid on
Anatase TiO2(101). J. Phys. Chem. C 2020, 124 (37), 20228−20239.
(17) Pang, C. L.; Lindsay, R.; Thornton, G. Structure of Clean and
Adsorbate-Covered Single-Crystal Rutile TiO2 Surfaces. Chem. Rev.
2013, 113 (6), 3887−3948.
(18) Dover, C. M.; Grinter, D. C.; Yim, C. M.; Muryn, C. A.; Bluhm,
H.; Salmeron, M.; Thornton, G. Orientation of Acetic Acid Hydrogen
Bonded to Acetate Terminated TiO2(110). Surf. Sci. 2020, 699,
121628.
(19) Hayden, B. E.; King, A.; Newton, M. A. Fourier Transform
Reflection−Absorption IR Spectroscopy Study of Formate Adsorp-
tion on TiO2(110). J. Phys. Chem. B 1999, 103 (1), 203−208.
(20) Lun Pang, C.; Lindsay, R.; Thornton, G. Chemical Reactions
on Rutile TiO2(110). Chem. Soc. Rev. 2008, 37 (10), 2328−2353.
(21) Yim, C. M.; Watkins, M. B.; Wolf, M. J.; Pang, C. L.;
Hermansson, K.; Thornton, G. Engineering Polarons at a Metal Oxide
Surface. Phys. Rev. Lett. 2016, 117 (11), 116402.
(22) Yim, C. M.; Pang, C. L.; Thornton, G. Oxygen Vacancy Origin
of the Surface Band-Gap State of TiO2(110). Phys. Rev. Lett. 2010,
104 (3), 036806.
(23) Wendt, S.; Sprunger, P. T.; Lira, E.; Madsen, G. K. H.; Li, Z.;
Hansen, J. Ø.; Matthiesen, J.; Blekinge-Rasmussen, A.; Lægsgaard, E.;
Hammer, B.; et al. The Role of Interstitial Sites in the Ti3d Defect
State in the Band Gap of Titania. Science 2008, 320 (5884), 1755−
1759.
(24) Setvín, M.; Franchini, C.; Hao, X.; Schmid, M.; Janotti, A.;
Kaltak, M.; Van de Walle, C. G.; Kresse, G.; Diebold, U. Direct View
at Excess Electrons in TiO2 Rutile and Anatase. Phys. Rev. Lett. 2014,
113 (8), 086402.
(25) Yang, S.; Brant, A. T.; Giles, N. C.; Halliburton, L. E. Intrinsic
Small Polarons in Rutile TiO2. Phys. Rev. B: Condens. Matter Mater.
Phys. 2013, 87 (12), 125201.
(26) Yim, C. M.; Chen, J.; Zhang, Y.; Shaw, B.-J.; Pang, C. L.;
Grinter, D. C.; Bluhm, H.; Salmeron, M.; Muryn, C. A.; Michaelides,
A.; et al. Visualization of Water-Induced Surface Segregation of
Polarons on Rutile TiO2(110). J. Phys. Chem. Lett. 2018, 9 (17),
4865−4871.
(27) Wen, B.; Yin, W.-J.; Selloni, A.; Liu, L.-M. Defects, Adsorbates,
and Photoactivity of Rutile TiO2(110): Insight by First-Principles
Calculations. J. Phys. Chem. Lett. 2018, 9 (18), 5281−5287.
The Journal of Physical Chemistry Letters pubs.acs.org/JPCL Letter
https://doi.org/10.1021/acs.jpclett.1c00678
J. Phys. Chem. Lett. 2021, 12, 3571−3576
3575
(28) Zhang, Y.; Payne, D. T.; Pang, C. L.; Fielding, H. H.; Thornton,
G. Non-Band-Gap Photoexcitation of Hydroxylated TiO2. J. Phys.
Chem. Lett. 2015, 6 (17), 3391−3395.
(29) Argondizzo, A.; Cui, X.; Wang, C.; Sun, H.; Shang, H.; Zhao, J.;
Petek, H. Ultrafast Multiphoton Pump-Probe Photoemission
Excitation Pathways in Rutile TiO2(110). Phys. Rev. B: Condens.
Matter Mater. Phys. 2015, 91 (15), 155429.
(30) Wang, Z.; Wen, B.; Hao, Q.; Liu, L.-M.; Zhou, C.; Mao, X.;
Lang, X.; Yin, W.-J.; Dai, D.; Selloni, A.; et al. Localized Excitation of
Ti3+ Ions in the Photoabsorption and Photocatalytic Activity of
Reduced Rutile TiO2. J. Am. Chem. Soc. 2015, 137 (28), 9146−9152.
(31) Argondizzo, A.; Tan, S.; Petek, H. Resonant Two-Photon
Photoemission From Ti3d Defect States of TiO2(110) Revisited. J.
Phys. Chem. C 2016, 120 (24), 12959−12966.
(32) Wen, B.; Hao, Q.; Yin, W.-J.; Zhang, Le; Wang, Z.; Wang, T.;
Zhou, C.; Selloni, A.; Yang, X.; Liu, L.-M. Electronic Structure and
Photoabsorption of Ti3+ Ions in Reduced Anatase and Rutile TiO2.
Phys. Chem. Chem. Phys. 2018, 20 (26), 17658−17665.
(33) Wang, Z.-Q.; Hao, Q.-Q.; Mao, X.-C.; Zhou, C.-Y.; Ma, Z.-B.;
Ren, Z.-F.; Dai, D.-X.; Yang, X.-M. Characterization of the Excited
State on Methanol/TiO2(110) Interface. Chin. J. Chem. Phys. 2015,
28 (2), 123−127.
(34) Onda, K.; Li, B.; Zhao, J.; Petek, H. The Electronic Structure of
Methanol Covered TiO2(110) Surfaces. Surf. Sci. 2005, 593 (1−3),
32−37.
(35) Payne, D. T.; Zhang, Y.; Pang, C. L.; Fielding, H. H.; Thornton,
G. Coverage-Dependent Two-Photon Photoexcitation at the H2O/
TiO2 Interface. Surf. Sci. 2016, 652 (C), 189−194.
(36) Ueba, H.; Gumhalter, B. Theory of Two-Photon Photo-
emission Spectroscopy of Surfaces. Prog. Surf. Sci. 2007, 82 (4−6),
193−223.
(37) Tao, J.; Luttrell, T.; Bylsma, J.; Batzill, M. Adsorption of Acetic
Acid on Rutile TiO2(110) vs (011)-2 × 1 Surfaces. J. Phys. Chem. C
2011, 115 (8), 3434−3442.
(38) Tao, J.; Batzill, M. Role of Surface Structure on the Charge
Trapping in TiO2 Photocatalysts. J. Phys. Chem. Lett. 2010, 1 (21),
3200−3206.
(39) Cocks, I. D.; Guo, Q.; Patel, R.; Williams, E. M.; Roman, E.; de
Segovia, J. L. The Structure of TiO2(110) (1 × 1) and (1 × 2)
Surfaces with Acetic Acid Adsorption  a PES Study. Surf. Sci. 1997,
377−379, 135−139.
(40) Woodruff, D. P. Modern Techniques of Surface Science;
Cambridge University Press: 2016.
(41) Heyd, J.; Scuseria, G. E.; Ernzerhof, M. Hybrid Functionals
Based on a Screened Coulomb Potential. J. Chem. Phys. 2003, 118
(18), 8207−8215.
The Journal of Physical Chemistry Letters pubs.acs.org/JPCL Letter
https://doi.org/10.1021/acs.jpclett.1c00678
J. Phys. Chem. Lett. 2021, 12, 3571−3576
3576
